Summertime carbon, nitrogen, and biogenic silica export was examined using 234 Th: 238 U disequilibria combined with free floating sediment traps and fine scale water column sampling with in situ pumps (ISP) within the Eastern Tropical North Pacific and the Gulf of California. Fine scale ISP sampling provides evidence that in this system, particulate carbon (PC) and particulate nitrogen (PN) concentrations were more rapidly attenuated relative to 234 Th activities in small particles compared to large particles, converging to 1-5 μmol dpm À1 by 100 m. Comparison of elemental particle composition, coupled with particle size distribution analysis, suggests that small particles are major contributors to particle flux. While absolute PC and PN export rates were dependent on the method used to obtain the element/ 234 Th ratio, regional trends were consistent across measurement techniques. The highest C fixation rates were associated with diatom-dominated surface waters. Yet, the highest export efficiencies occurred in picoplankton-dominated surface waters, where relative concentrations of diazotrophs were also elevated. Our results add to the increasing body of literature that picoplankton-and diazotroph-dominated food webs in subtropical regions can be characterized by enhanced export efficiencies relative to food webs dominated by larger phytoplankton, e.g., diatoms, in low productivity pico/nanoplankton-dominated regions, where small particles are major contributors to particle export. Findings from this region are compared globally and provide insights into the efficiency of downward particle transport of carbon and associated nutrients in a warmer ocean where picoplankton and diazotrophs may dominate. Therefore, we argue the necessity of collecting multiple particle sizes used to convert 234 Th fluxes into carbon or other elemental fluxes, including <50 μm, since they can play an important role in vertical fluxes, especially in oligotrophic environments. Our results further underscore the necessity of using multiple techniques to quantify particle flux given the uncertainties associated with each collection method.
Introduction
Oceanic particle cycling and export play major roles in the biogeochemical cycling of carbon and associated nutrients [Honjo et al., 2008 ]. Yet understanding their magnitude and variability over temporal and spatial scales remains limited [Burd et al., 2010] . Such knowledge is particularly needed as large-scale changes in climate are already influencing the marine system, as documented in ocean acidity, upper ocean circulation patterns, and the rate of particle export [Feely et al., 2004; Doney et al., 2012; Taylor et al., 2012] . It has been hypothesized that future increases in global ocean temperatures will increase upper ocean stratification, thereby influencing a marine food web structure [Richardson and Schoeman, 2004; Hays et al., 2005; Doney, 2006; Beaugrand et al., 2008] that favors smaller phytoplankton [Morán et al., 2010; Taylor et al., 2012] and, likely, nitrogen-fixing organisms Hutchins et al., 2007] . This shift in phytoplankton ecology may alter both particle flux and composition, with profound implications for marine biogeochemistry [Bopp et al., 2005] . Increasing stratification has also been hypothesized to play a role in the significant areal and volumetric expansion of oxygen minimum zones [Keeling et al., 2010] , which further influences the remineralization of particles as they sink through the water column [DeVries and Deutsch, 2014] . Thus, understanding the biogeochemistry of warm, stratified regions underlain by a strong oxygen minimum zone is of immediate and broad interest.
One such region is the Eastern Tropical North Pacific (ETNP), where more than 35% of global water column denitrification takes place [Cline and Richards, 1972; Codispoti and Richards, 1976] . The persistent oxygen minimum zone extends from the equator to 25°N and westward from the coast to 140°W [Paulmier and Ruiz-Pino, 2009 ]. ETNP suboxia, and thus denitrification, is maintained by a combination of remineralized particulate organic material [Van Mooy et al., 2002] and both horizontal and vertical circulation/ventilation patterns [Duteil and Oschlies, 2011; Gnanadesikan et al., 2012] . The Gulf of California (GC) is a subtropical semi-enclosed sea located along the southwest coast of North America (Figure 1 ). Suboxic and partly denitrified waters from the ETNP (i.e., N:P < 16:1) enter into the central GC between 500 and 1000 m depth via the California Undercurrent, which also transports the denitrified waters to the north along the continental slope of North America [Bray and Robles, 1991; Castro et al., 2001; Liu and Kaplan, 1989; Roden, 1958] . In winter, the GC is characterized by strong northwestern winds that induce upwelling. This physical oceanographic change results in high rates of nitrate-driven primary production [White et al., 2007] and a biological community dominated by diatoms and silicoflagellates, which increase opal fluxes to depth [Santamaría-del-Angel et al., 1994; Thunell et al., 1996] . In summer, weaker winds blow from the southeast, allowing ETNP surface waters to penetrate into the GC and water column stratification to reoccur [Roden, 1958; Badan-Dangon et al., 1991] . Summertime nutrient limitation leads to lower biological production and a plankton community structure characterized by coccolithophores and foraminifera, which contribute to enhanced carbonate fluxes [Brand, 1994; Thunell et al., 1996; Ziveri and Thunell, 2000] . In contrast to seasonal changes in the biomineral fluxes, vertical fluxes of particulate organic carbon and nitrogen remain invariant [Thunell, 1998; Lyons et al., 2011; White et al., 2013] and do not correlate with overlying surface productivity, suggesting that export production may be more efficient in the summer than during the winter. One hypothesis for this summertime increase in export efficiency is that the GC biological food web undergoes a fundamental seasonal change.
Upon summer stratification, the ensuing intensification of nitrate limitation and presence of residual phosphate as a consequence of the upwelling of waters with low N/P ratios is consistent with conditions that have been Figure 1a indicates the location of the stations along the Gulf of California and the eastern tropical North Pacific transect, overlain on the mean surface temperature for July 2008 derived from MODIS AQUA remote sensing data (http://oceancolor.gsfc.nasa.gov). Figure 1b corresponds to the T-S diagram of the upper 1000 m of the seven stations. At station GC4-8, sampling occurred down to 3000 m depth. Contour lines represent isopycnal surfaces (σ θ ). Open circles represent ETNP stations (GC4-10, . Filled circles represent Transition zone (GC4-8 and GC4-9) and GC (GC4-1 and GC4-2) stations. The rectangles represent different water masses: California Current Water (CCW), California Undercurrent Water (CUCW), Subtropical Subsurface Water (SSW), Pacific Intermediate Waters (PIW), Tropical Surface Waters (TSW), Gulf of California Waters (GCW), and Deep Pacific Water (DPW). hypothesized to favor the growth of nitrogen-fixing organisms [Karl, 2002] . High rates of N 2 fixation, as well as episodic decreases in the δ 15 N value of sinking particulate nitrogen captured in deep sediment traps located in the central GC basins (e.g., Carmen and Guaymas Basin), suggest that diazotrophy may also significantly contribute to the sinking particulate matter flux during the summer period [Thunell, 1998; Altabet et al., 1999; White et al., 2007 White et al., , 2013 . This variability in food web structure caused by seasonal stratification combined with low oxygen in mid-waters of the GC and adjacent ETNP therefore provides an excellent opportunity to study the linkages between surface productivity and particulate export fluxes under oceanographic conditions similar to those expected in a future warmer ocean.
A method increasingly used to estimate particle flux in marine systems is the measurement of the disequilibrium between naturally occurring thorium-234 (T 1/2 = 24.1 days) and its long-lived radioactive parent, uranium-238 (T 1/2 = 4.47·10 9 years) [Benitez-Nelson and Moore, 2006 ]. 238 U is conservative in seawater [Chen et al., 1986] , while its radioactive daughter, 234 Th, is highly particle reactive. As such, 234 Th is rapidly scavenged onto particle surfaces and removed when the carrier particles sink, creating disequilibrium between the parentdaughter pair in the upper water column. The value for the integrated deficit of 234 Th with respect to 238 U in the water column is converted into a flux when multiplied by the 234 Th decay constant, thus providing an estimate of the sinking 234 Th flux that must have occurred on timescales of weeks to months prior to radionuclide measurement. As such, 234 Th/ 238 U disequilibria have become a powerful tracer for studying particle formation and export on such timescales [Coale and Bruland, 1985; Cochran and Masqué, 2003] and are an excellent complement to particle flux estimates from sediment traps [Buesseler, 1991] . One of the critical assumptions behind using 234 Th/ 238 U disequilibria to estimate element flux is the element to 234 Th ratio in sinking particles used to convert 234 Th fluxes into particulate fluxes for the element of interest. Several authors have highlighted the spatial and temporal variability in element/ 234 Th ratios found in marine systems not only as a function of plankton community structure, particle size distribution, food web dynamics, and aggregation-disaggregation processes, but also as a result of the various methodologies used to sample those sinking particles [e.g., sediment traps, in situ pumps, and bottles] [Moran et al., 2003; e.g., Benitez-Nelson and Charette, 2004; Buesseler et al., 2006] .
The goal of this study is to better understand the processes influencing particulate organic carbon, nitrogen, and biogenic silica export in the GC and the ETNP during the stratified summer period when smaller phytoplankton and nitrogen-fixing organisms likely dominate. We used free floating sediment traps and 238 U/ 234 Th disequilibrium to quantify export fluxes. We further examined how element/ 234 Th ratios collected at high resolution throughout the upper water column influence 234 Th-derived particle export results and provide insight into the composition and source of particles contributing to the sinking flux.
Methods
Samples were collected at seven stations within the GC and ETNP adjacent waters, with one station (GC4-2) resampled after approximately 6 days (GC4-2b), during July-August 2008 aboard the R/V New Horizon (Figure 1) . At each station, seawater samples were collected throughout the water column using Niskin bottles. Total 234 Th was measured from 4 L of seawater collected at 24 discrete depths over the upper 1000 m. Samples were processed via the MnO 2 coprecipitation technique [Pike et al., 2005] and counted onboard using a gas flow proportional low-level RISO beta counter (counting statistics <5%). Each was recounted >6 months later to determine background activities before processing for chemical recoveries of Th (average recovery = 91 ± 7%, n = 171) by inductively coupled plasma mass spectrometry. 238 U activities were calculated from salinity data using the relationship from Pates and Muir [2007] . Water column 234 Th fluxes (WC fluxes) at various depths were derived from the integrated 234 Th deficits with respect to 238 U activities.
Sinking particles were collected using VERTEX-style sediment traps (ST) deployed for 24 h at each station. Each ST was equipped with 12 tubes per depth (100 and 105 m), filled with an unpoisoned NaCl brine solution. Three tubes from each depth were used to determine particulate 234 Th. The content of each tube was filtered at sea separately onto 25 mm diameter acid-rinsed and precombusted quartz microfiber filters (Whatman, QMA). Swimmers were identified via visual inspection and removed from the filtered sample. Total particulate carbon (PC), particulate organic carbon (POC), and particulate nitrogen (PN) were also determined in the ST material using the methods described in Benitez-Nelson et al. [2007] and White et al. [2013] .
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Particlestable isotopic composition (δ 15 N and δ 13 C values) was determined using the methods described by Prahl et al. [2005] .
Particulate samples were also collected at each station from 9 to 13 depths over the upper 500 m using in situ pumps (ISP). Between 400 and 700 L of water was filtered through a 142 mm diameter acid-rinsed 53 μm mesh nitex screen followed by a 142 mm diameter, 1 μm pore-size acid-rinsed, and combusted QMA. Each 53 μm nitex screen was rinsed into a clean plastic beaker using 0.2 μm filtered seawater and mixed with a stirring plate to homogenize the sample. From the rinse, a one-fourth aliquot was filtered onto precombusted 25 mm QMA for direct analysis of 234 Th, while the remaining solution was filtered onto precombusted GF/F for analysis of PC, PN, and the stable isotopic composition of both elements (δ 13 C and δ 15 N) following the same procedures used for ST samples. The 1-53 μm size fraction was subsampled using ten 21 mm diameter punches (26% of total filter area of the 142 mm diameter QMA) and counted directly for 234 Th at sea. Additional punches were analyzed for PC and PN concentrations and C and N isotopic composition. POC was analyzed in selected samples for both size classes. Biogenic silica (bSi) was analyzed from the >53 μm size fraction via wet alkaline digestion following DeMaster [1991] . Particulate samples from both the ST and ISP were recounted for background correction more than 6 months after collection.
Profiles of the total beam attenuation coefficient, c(λ), and the total absorption coefficient, a(λ), were collected at each sampling station with a WetLabs AC-S at 82 wavelengths (400.5-752.7 nm; mean binwidth = 4.3 nm). The absorption spectra of colored dissolved organic matter [CDOM, a g (λ)] was measured in parallel with a WetLabs 440, 488, 510, 555, 630, 650, 676 , and 715 nm) with 0.2 μm cartridge filters attached to the instrument inflow. CDOM spectra were interpolated to AC-S wavelengths. All data were filtered to remove outliers (generally due to bubbles at shallow depths), binned to 1 m, and corrected for in situ temperature-and salinity-dependent variations in absorption and attenuation as per Twardowski et al. [1999] . Pure water calibrations were performed every 2 days to ensure there was no instrument drift.
Complementary phytoplankton community structure was obtained by microscopy and pigment analysis using high-performance liquid chromatography (HPLC). Primary production and N 2 fixation rates were also measured using in situ incubations with 13 C-labelled bicarbonate and 15 N-labelled nitrogen gas additions, respectively. Detailed information regarding these procedures is given in White et al. [2013] .
Results
Hydrography
Sampled stations were grouped into three subregions based on their hydrographic properties: the ETNP (GC4-10, GC4-11, and GC4-12), the Transition zone (GC4-8 and GC4-9), and the GC (GC4-1 and GC4-2). At the time of sampling, ETNP stations were characterized by cooler (17-24°C) and fresher (salinity~33.7) surface waters and fresher subsurface waters (to 300 m) associated with California Current Water (CCW) ( Figure 1 ). Deeper waters were composed of California Undercurrent Water (CUCW, GC4-12) and Subtropical Subsurface Water (SSW, GC4-10 and GC4-11), with Pacific Intermediate Waters (PIW) found at depths greater than 500 m [Lynn and Simpson, 1987] .
Within the GC, stations GC4-1 and GC4-2 were located within two narrow sub-basins: the del Carmen (26°20′N, 110°40′W) and Pescadero Basins (24°00′N, 108°50′W), respectively. Surface waters (0-100 m) were characterized by salty (salinity >34.9) Gulf of California Waters (GCW). Colder deeper SSW waters occurred down to 500 m with even colder waters below the SSW, classified as PIW [Castro et al., 2006] (Figure 1 ). The Transition zone (GC4-8 and GC4-9) was characterized by a mixture of physical regimes, with upper waters dominated by Tropical Surface Waters (TSW). Deep Pacific Waters (DPW) were only observed at the deepest sampled depth (3000 m) at station GC4-8.
The study area was characterized by oligotrophic conditions, with surface layers (upper 20 m) containing N-poor and P-replete concentrations (0.03-0.09 μmol L À1 for nitrate + nitrite and 0.3-0.8 μmol L À1 for phosphate) [White et al., 2013] . Warm and salty surface waters cooled and freshened as they moved out of the GC and northward along the ETNP transect. Mixed layer depths also deepened along with the depth of the euphotic zone (Ez), defined here as the depth of 0.1% light penetration [as in Buesseler and Boyd, 2009 ] and determined using profile data from a photosynthetically active radiation sensor on the Global Biogeochemical Cycles 10.1002/2015GB005134 conductivity-temperature-depth rosette (Table 1) . This depth is where 234 Th was found to be in equilibrium with 238 U at the majority of stations sampled ( Figure 2 ).
234 Th and 238 U Profiles and 234 Th Fluxes
Total 234 Th activities ranged from 0.8 to 2.8 dpm L À1 (Figure 2) , with particulate 234 Th activities (Table S1 of the supporting information) in the small particles (1-53 μm) accounting for 4% to 33% of the total activity measured (average 14 ± 6%). 234 Th activities in large particle (>53 μm) accounted for a smaller fraction of the total 234 Th activity, averaging 5 ± 4% with a range of 0.4% to 17%.
A deficit of 234 Th with respect to 238 U over the upper 100 m was observed at all stations ( Figure 2 ). The magnitude of this deficit, however, was greater within the GC, where 234 Th disequilibrium was found to depths of 700 and 300 m at stations GC4-1 and GC4-2, respectively. Excess 234 Th activity was only measured between 80 and 250 m (average 0.25 ± 0.05 dpm L À1 ) in the most northern station of the ETNP sampling region (GC4-12), representing almost 60% of the 234 Th deficit measured in the upper 100 m. 234 Th fluxes obtained from ST at 100 and 105 m were in excellent agreement (average factor 1.04 ± 0.13). We therefore focus on ST results collected at 100 m, which is a commonly used depth, to estimate particle fluxes found in the literature. The WC-derived 234 Th fluxes were obtained by integrating the 234 Th deficit over the upper 100 m using a steady state one-dimensional model. Both the ST-and the WC-derived 234 Th fluxes are presented in Table 1 and Figure 3 . WC fluxes at 100 m, which ranged from 890 ± 220 to 3400 ± 140 dpm m À2 d À1 , were in excellent agreement with those obtained directly from the ST (ratios between both estimates averaged 0.9 ± 0.1) at the most northern stations of the ETNP (GC4-11 and GC4-12). At the remaining stations, ST fluxes at 100 m ranged from 1400 ± 170 to 6300 ± 1000 dpm m À2 d À1 and are thus 1.4 to 3.5 times higher (average 2.3 ± 0.8) than those derived from the WC. Both methods yielded larger fluxes within the interior of the GC. At the reoccupation of station GC4-2 (GC4-2b), 6 days after the first sampling, ST 234 Th flux decreased by almost 50%, from 4900 ± 570 to 2600 ± 340 dpm m À2 d À1 , which highlights the short timescale of ST measurements compared to WC 234 Th deficits.
Particle Distribution and Composition 3.3.1. Particle Size Distribution Analysis
The particulate beam attenuation coefficient, c p (λ), was calculated by subtraction of CDOM absorption, a g (λ), from c(λ). The general shape of the spectra of beam attenuation c p (λ) is well approximated by a power law as follows [Bricaud et al., 1998 ]: Th ratios from the different particulate material collected at 100 m (ST = sediment trap; SP = ISP small particles; LP = ISP large particles, see text for details). NA is noted when samples were not available.
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The magnitude of the particle beam attenuation coefficient at 660 nm, c p (660), is to a first order proportional to the concentration of suspended particles , whereas its spectral slope, γ cp , is related to the slope of the particle size distributions (PSD) under certain assumptions by ξ = γ cp + 3 [Kostadinov et al., 2012] . γ cp was calculated using ordinary least squares regression on the log-transformed are presented in the three groups corresponding to GC stations (GC4-1 and GC4-2), Transition zone stations (GC4-8 and GC4-9), and ETNP stations (GC4-10, GC4-11, and GC4-12).
data within 440-676 nm. Larger values of ξ, i.e., steeper slopes, indicate higher abundance of small particles. The percent contribution of picoplankton (0.5-2.0 μm), nanoplankton (2.0-20 μm), and microplankton (20-50 μm) to total particle volume was then calculated according to Kostadinov et al. [2010, equation (1) ]. It is important to highlight that the slope of the beam attenuation profile used to obtain particle size classes is based on the scattering of particles without discriminating live particles from detritus.
PSD profiles ( Figure 4 ) clearly reflect a decline in the relative contribution of small particles as we transited out of the GC into the transition zone and into the ETNP. To link these changes to the size structure of the phytoplankton community structure we refer to the HPLC data presented in White et al. [2013] . HPLC-based estimates of cell size use the relative proportion of diagnostic pigments to estimate the contributions of picophytoplankton (<2 μm), nanophytoplankton (2-20 μm), and microphytoplankton (20-200 μm) and make simplifying assumptions about the size classes associated with each pigment considered. Therefore, both approaches provide independent estimates of particle size distributions. While the absolute size distributions differ between techniques and is to some extent expected given that these methods are fundamentally measuring different properties (e.g., the slope of scattering spectra and pigment ratios), they both show a measurable shift in particle size from smaller particles to larger particles across the transition zone from the GC into the ETNP.
Elemental Composition
The PC and PN concentrations in particles collected with the ISP ranged from 0.2 to 3.4 μmol C L À1 and 0.03 to 0.55 μmol N L À1 for small particles (1-53 μm) and 0.03 to 2.6 μmol C L À1 and 0.002 to 0.34 μmol N L À1 for large particles (>53 μm) (Table S1 ). Small particles accounted for the bulk of the PC and PN, averaging 85 ± 9% and 89 ± 11% of the total particulate pool, respectively. Depth patterns were similar between the two size classes at all stations. Maximum PC and PN concentrations were typically located between 20 and 50 m, and decreased by as much as a factor of 10 down to a depth of 500 m. The PC/PN ratios showed little change with depth, averaging 7 ± 1 in small particles, while the average PC/PN ratio in large particles was significantly higher (10 ± 2) ( p < 0.0001; n = 165). Inorganic carbon was minimal in both size fractions, with no significant differences between PC and POC (average factor Global Biogeochemical Cycles 10.1002/2015GB005134 difference 1.1 ± 0.1, n = 20, for small particles, and 1.0 ± 0.2, n = 16, for large particles). Carbon content within the ST material was also dominated by POC (average factor difference between PC and POC 1.3 ± 0.3, n = 8), with an average PC/PN ratio of 8 ± 1 (n = 8).
Stable Isotopic Composition
δ 15 N and δ 13 C values were measured on particles collected at each station (Table S1 ). Profiles of δ 15 N values were relatively constant over the upper 100 m with no significant difference between the ISP small and large particles ( p > 0.1; n = 100; δ 15 N = 9.6 ± 1.8‰). In contrast, the δ 13 C values of small and large ISP particles were significantly different throughout the water column, with smaller particles averaging À22.0 ± 1.2‰ and large particles averaging À20.1 ± 0.8‰ over the upper 100 m ( p < 0.0001 in both cases; n = 102 for samples above 100 m and n = 66 for deeper samples). There were no significant differences between the δ 15 N of ST and ISP samples from the upper 100 m (p > 0.5 for both size classes). However, significant differences were apparent between the δ 13 C of ST (À21.8 ± 1.3 ‰; n = 8) and large ISP particles ( p < 0.0001; n = 60), whereas no differences were observed between the δ 13 C values of ST and small ISP particles.
Elemental/ 234 Th Ratios
Elemental ratios of PC and PN to 234 Th collected using the ISP were higher in the small versus large size classes over the upper 100 m but converged with increasing depth at 200-500 m ( Figure 5 ). The PC/ 234 Th Global Biogeochemical Cycles 10.1002/2015GB005134 ratios of small and large particles measured at 100 m were on average lower than the ratios obtained from the ST by a factor of 3.2 ± 1.4 and 5.8 ± 2.8, respectively (Table 1 ). The magnitude of this difference varied both regionally and with particle size, with station GC4-8 and the northernmost stations of the ETNP showing the largest contrast. PN/ 234 Th ratios followed a similar trend (Table 1) . Close examination of the data shows that the elemental to 234 Th ratios measured in ST samples at 100 m are much more comparable to those measured in both ISP-collected size classes at the surface ( Figure 5 ). The bSi/ 234 Th ratios measured in the large size fraction of particulate material collected with the ISP ranged from 0.12 to 0.45 μmol dpm À1 , with the highest values measured at stations GC4-1 and GC4-12 (Table 1) .
Attenuation Analysis
The high resolution of the ISP sampling along the water column allows us to estimate a net attenuation term, b, which indicates how rapidly PC and PN are attenuated relative to 234 Th; e.g., larger absolute b values imply higher attenuation rates. Similar to the commonly used Martin curve, applied to evaluate the particle flux attenuation with depth [Martin et al., 1987] , the b term was obtained from a power regression of PC and PN to 234 Th ratios versus depth throughout the water column at each station [equation (2) and Figure 5 ], such that
where PC/ 234 Th o is the term obtained from the fitting using least squares regression that represents the PC/ 234 Th ratio at the base of the euphotic zone (μmol dpm À1 ), Z is the depth at which we calculate the PC/ 234 Th ratio, and Z o is the depth of the euphotic zone. The same equation can be applied to PN/ 234 Th ratios.
Element to 234 Th ratios measured in large and small ISP particles were plotted separately to examine possible size-dependant differences in attenuation profiles ( Figure 5 ). The results indicate that PC and PN in small particles are attenuated at a significantly faster rate relative to 234 Th with depth, with b terms for small particles being 0.66 and 0.76 for PC and PN, respectively, compared to 0.39 and 0.65 for large particles (Kolmogorov-Smirnov test p < 0.0001; n = 88 for both data sets, PC and PN).
PC, PN, and bSi Fluxes
The absolute magnitude of PC and PN fluxes at 100 m ( Figure 6 and Table 2 ) was determined directly using ST and indirectly from the WC-derived 234 Th fluxes using station-specific ST and ISP element/ 234 Th ratios presented in Table 1 . The magnitude of the derived elemental fluxes was strongly driven by the elemental/ 234 Th ratio used (i.e., ST ratio > small particle ratio > large particle ratio). Although 234 Th fluxes obtained from ST varied considerably (~50% decrease) over relatively short time periods (<7 days) at Elemental fluxes obtained directly with the ST and by means of WC 234 Th deficits using the elemental ratios obtained from ST were in relatively good agreement. ST fluxes were higher by an average factor of 1.5 ± 0.9 for PC fluxes and 1.6 ± 0.9 for PN fluxes at all stations, except at GC4-2b and at the northernmost ETNP station (GC4-12). As mentioned previously, values for elemental/ 234 Th ratios tended to be higher in small versus large particles but converged with increasing depth. As a result, PC and PN fluxes at 100 m derived using WC 234 Th deficits and ratios measured on small and large particles agreed within a factor of 1.8 ± 0.6 for PC and 2.7 ± 0.8 for PN. In contrast, when fluxes estimated using ST elemental/ 234 Th ratios are compared with those estimated using ISP data, we find that the former were always higher, ranging from a factor of 1.7 to 10 for PC (average 3.2 ± 1.4 and 5.8 ± 2.8 for small and large particles, respectively) and from a factor of 1.3 to 10 for PN (average 2.5 ± 1.0 and 6.5 ± 2.4 for small and large particles, respectively). Fluxes estimated using PC and PN to 234 Th ratios for the combined small and large ISP particles were in agreement with ST fluxes within a factor of 2-4. These particle flux estimates highlight the large variability that occurs as a consequence of the different element/ 234 Th ratios used. . GC4-2b-derived fluxes were calculated using the water column 234 Th flux from GC4-2 and the element to 234 Th ratios from GC4-2b.
10.1002/2015GB005134
Fluxes of bSi estimated from WC 234 Th deficits and values for bSi/ 234 Th ratios measured in ISP large particles were only significant where microscopy and pigment composition indicated a diatom-dominated community structure [White et al., 2013] : at stations GC4-12 (0.91 ± 0.11 mmol bSi m À2 d À1 ) and GC4-1, below the nitracline (30 m), (0.69 ± 0.07 mmol bSi m À2 d À1 ). At all other locations, where a picocyanobacterialdominated community structure was observed ( Figure 4 ; White et al. [2013] ), bSi fluxes were 0.01-0.20 mmol bSi m À2 d À1 .
Discussion
A major goal of this study was to examine particle export within the ETNP and GC in response to overlying water column productivity and community composition and to use these results as an analog for understanding other stratified tropical ecosystems. Previous work in the GC found that PC and PN fluxes to depth remain fairly constant [winter (Nov-Feb) and summer (Jun-Sep) average export fluxes at~500 m were not significantly different; 19 ± 4 versus 21 ± 3 mg C m À2 d À1 , p > 0.5], even though primary productivity rates are significantly higher during the winter months (~2 mg m À3 versus < 0.5 mg m À3 ) [Thunell, 1998; Lyons et al., 2011; White et al., 2013] . This observation suggests that the export efficiency in summer is greater than in winter. Several studies have suggested that N 2 fixation may enhance PC and PN export fluxes in the North Pacific subtropical gyre [Scharek et al., 1999; Dore et al., 2002] and recent work in the GC region indicates that N 2 fixation may be significant during the stratified summer period when nutrients have been depleted [White et al., 2007] . Such trends remain enigmatic, however, as the temporal and spatial variability in N 2 fixation in this area (from 14 to 795 μmol N m À2 d À1 ) [White et al., 2013] appears to be too large to explain the relatively uniform PC export observed throughout the year.
We have used 234 Th as a tracer to estimate particle fluxes within the ETNP and GC during the summer of 2008. This approach has been widely employed to examine episodic events that may be missed using ST Global Biogeochemical Cycles 10.1002/2015GB005134 due to temporal constraints and potential methodological issues [e.g., Buesseler et al., 1992 Buesseler et al., , 2007 . The application of the 234 Th method, however, also requires a number of assumptions, including the determination of the element/ 234 Th ratio necessary to convert 234 Th fluxes into the elemental flux of interest. Therefore, we also examine the approaches used in the collection and application of element/ 234 Th ratios and discuss these results in light of regional variability in particle flux and the efficiency of the biological pump in the GC region and the ETNP adjacent waters.
Our overall assessment concludes that small particles are significant contributors to particle flux throughout the GC and ETNP in summer and that export efficiencies in stations dominated by picoplankton containing diazotrophs are higher than in those stations where diatoms were more abundant, confirming the inference from moored sediment traps from Thunell [1998] and agreeing with previous work from Dunne et al. [1999] who found that nondiatom production was responsible for the majority of the export. When examined on a global perspective, our results further suggest that the phenomenon is not unique to our study region but may apply broadly to ecosystems dominated by smaller taxa, agreeing with previous work from oligotrophic regions [e.g., Richardson and Jackson, 2007; Durkin et al., 2015] . While others have shown that choosing a single particle fraction to estimate vertical export may be misleading [Dunne et al., 1997; Burd et al., 2007; Stewart et al., 2011] , sampling uniquely large particles (>50 μm) is still the dominant approach used to estimate elemental fluxes derived from the 234 Th method. Our data again support further discussion of particle size, providing results that indicate the importance of the ecosystem and biological state of the region under interest.
234 Th Deficits and Fluxes
In this study, 234 Th deficits mainly occurred over the upper 100 m, with little evidence of excess 234 Th at depth that would imply extensive particle remineralization [Bacon et al., 1996; Buesseler et al., 2008; Maiti et al., 2010] . Our high-resolution sampling suggests that either the remineralization rates were too low to show a clear 234 Th excess peak or, if such a peak existed, it was not resolvable within the sampling depth intervals chosen at our stations [e.g., Maiti et al., 2010] . Within the GC, 234 Th deficits reached depths of 700 m (GC4-1) and 300 m (GC4-2). Water column-derived 234 Th fluxes at 100 m at those stations (>2500 dpm m À2 d À1 ) are comparable to other productive coastal regions or to those found during the North Atlantic Bloom Experiment [e.g., Coale and Bruland, 1985; Buesseler et al., 1992] . Indeed, the fluxes of 234 Th obtained from the GC ST at 100 m (≥5000 dpm m À2 d À1 ) are among the highest measured of all previous WC 234 Th flux assessments globally [i.e., the maximum flux reported previously was of 5500 dpm m À2 d À1 for the mid and late SW Monsoon in the Arabian Sea by Buesseler et al., 1998 . See summary by Le Moigne et al., 2013] . Although this comparison should be taken cautiously due to the use of different methods (i.e., ST versus WC fluxes), it helps to highlight the high 234 Th fluxes observed at the stations located within the GC. We hypothesize that those stations are influenced by the lateral advection of water and particles from the nearshore due to their location within two narrow basins (Figure 1 ), as suggested by other studies using longer-lived radionuclides [Smoak et al., 1999] and transmissometry profiles (data not shown). Since the total 234 Th activity is dominated by the dissolved phase, water from the margins would be expected to have low total 234 Th activity from high particle scavenging. Any laterally advected particles would further promote 234 Th scavenging, explaining the deep deficits in total 234 Th, and they would also increase the particulate 234 Th collected by the ST.
Differences between the methodologies used to determine 234 Th fluxes (directly from the ST or integrating the WC 234 Th deficits) were within a factor of 2 to 4 (average difference of 2.3 ± 0.8), consistent with that typically found in the literature when comparing these collection techniques. These differences may be explained, in part, by the timescale of collection as well as methodological issues: Deficits of 234 Th in the water column over the upper 100 m integrate over several weeks, thereby diluting episodic events of higher (or lower) particle fluxes that may have been observable using more short-term deployments, such as the VERTEX-style traps used here [Buesseler, 1991] . ST, on the other hand, can be affected by large-scale turbulence and horizontal currents that potentially produce both under-and overcollection biases [Gardner, 2000] , although the VERTEX-style traps used in this study were designed to minimize this issue [Hargrave and Burns, 1979; Gardner, 1980] .
Elemental/ 234 Th Ratios
One of the key issues in determining elemental fluxes from 234 Th disequilibria is measuring the element to 234 Th ratio of sinking particles. These ratios change spatially and temporally depending on the structure of Global Biogeochemical Cycles 10.1002/2015GB005134 the plankton community and food web dynamics, but also on the particle collection device used, such as ST and ISPs [Buesseler et al., 2006 ]. Here we explored differences in the element/ 234 Th ratios obtained using these two techniques, considering methodological issues, sinking velocity, and particle size and composition.
Methodological Issues
The disagreement in PC/ 234 Th ratios between ST and large (>53 μm) ISP particles has been observed in several studies [see review by Buesseler et al., 2006] and is usually within a factor of 2 to 4 [e.g., Buesseler et al., 1992 Lalande et al. [2008] for the Barents Sea. Evidence suggests that ISP and ST sample different types of particles depending on their settling velocity. ST tend to undercollect slower sinking particles due to hydrodynamic discrimination [Gustafsson et al., 2004] , while fast sinking particles are more likely missed by ISP [Lepore et al., 2009] . Another issue is that size is not necessarily related to density, and ISP sampling may include communities dominated by large, C-rich neutrally buoyant phytoplankton (i.e., nonsinking but with high PC/ 234 Th ratios) [Lalande et al., 2008] .
Although the two sampling devices collect fundamentally different particle pools (ST particles represent an average particle size class with respect to flux, whereas ISPs collect particles that represent an average with respect to concentration), sampling biases such as swimmers in ST or the rupture of aggregates by ISPs may further exacerbate these differences. Swimmers have been previously reported as an important source of bias in the PC/ 234 Th ratio of ST if they are improperly removed, since they have a relatively high PC content relative to 234 Th [Coale, 1990; Buesseler et al., 1994] . In this study, obvious swimmers were removed from particulate samples in both types of samples, ST and ISP. However, they may have altered the particle composition during the 24 h ST deployment period via feeding and cell lysis. Indeed, PC and PN fluxes obtained from ST at 100 and 105 m were in good agreement but were more variable (ratios of fluxes at 100 and 105 m were 0.9 ± 0.4 for PC and 1.1 ± 0.3 for PN) than 234 Th fluxes (1.0 ± 0.1).
Another possible methodological issue may be related to the rupture of aggregates using ISP. Gardner et al. [2003] suggested that lower POC/ 234 Th ratios in ISP samples can result from the rupture of fragile high C concentration particles [e.g., transparent exopolymer particles (TEP) and bacteria] due to the high cross-filter pressure differentials created within an ISP. This would preferentially reduce PC retention. To our knowledge, however, there is no information regarding high TEP concentrations in the study area, nor an anomalous abundance of bacteria, although microscopy of the ST material showed the presence of marine snow [White et al., 2013] . The loss of large C-rich particles could also occur due to washout when using ISP. Bishop et al. [2012] reported preferential loss of biogenic elements from the >51 μm size fraction when sampling with the most commonly used 142 mm filter holders for ISP. In that study, the values for the ratio of POC to 234 Th were not systematically compared between filter holder types, but a few ad hoc comparisons suggest that the loss of biogenic material was mirrored by an equivalent loss of particulate 234 Th activity (K. Maiti, pers. communication) . Therefore, the observed differences in the PC/ 234 Th ratios between large ISP particles and ST in this study do not seem related to the type of filter holder used.
Particle Size, Composition, and Attenuation
Several studies have documented a trend of increasing PC/ 234 Th ratios with increasing particle size as a function of the volume to surface area ratio, since 234 Th is mostly surface bound whereas C is distributed evenly throughout the particle [see review by Buesseler et al., 2006] . However, the relation between PC/ 234 Th ratio and particle size is not straight forward, and the magnitude of this change further depends on whether larger particles are composed of aggregated smaller particles and whether that aggregation occurred via physical or biologically mediated processes (i.e., grazing and fecal pellet production). In fact, in our study, smaller particles have consistently higher PC/ 234 Th ratios than larger particles, by an average factor of 2.0 ± 0.9 (p < 0.0001; n = 80). Relatively higher PC/ 234 Th ratios in small particles have been reported previously by other studies in other regions [Buesseler et al., 1995; Bacon et al., 1996, Equatorial Pacific; Santschi et al., 2003; Hung et al., 2004 , 2010 Cai et al., 2006; Hung and Gong, 2007, China Sea and Kuroshio Current; Jacquet et al., 2011; Planchon et al., 2013, Southern Ocean] . As shown earlier, PC/ 234 Th ratios from both, small and large particles, measured in ISP particles significantly decrease with depth, a trend consistent with a number of prior studies, likely due to (i) a reduction in biological production with increasing depth, (ii) preferential loss of C (and N) relative to 234 Th, (iii) potential changes in surface binding Global Biogeochemical Cycles 10.1002/2015GB005134 ligands with depth, and/or (iv) increasing particulate 234 Th activities due to scavenging [Rutgers van der Loeff et al., 2002; Buesseler et al., 2006] .
Settling speeds may reduce the PC/ 234 Th ratios measured in particles that reach deeper waters since faster sinking particles may be less influenced by biotic and abiotic processes due to their shorter residence times in the water column. Sinking velocities at 100 m were estimated by dividing the 234 Th flux at 100 m by the 234 Th concentration of the sinking particles collected at that same depth [Bacon et al., 1996] . Since 234 Th activities were measured in both the small and large ISP particles, we estimated sinking velocities by assuming that the 234 Th removal was due to a combination of both small and large particles, or due to large particles alone, thus providing a range of sinking velocities. The average settling velocity determined using integrated WC fluxes and both size classes combined was 5 ± 2 m d À1 , while that for the large particles was 23 ± 7 m d À1 . When using 234 Th fluxes determined directly from ST samples, average sinking velocities increased by a factor of 2 (9 ± 5 m d À1 for combined size classes and 47 ± 24 m d À1 for large particles).
Based on Stokes' Law, a particle has to be either large or dense enough to overcome the friction force associated with the viscosity of the fluid in order to sink through the water column. One would therefore expect, for the same particle density, that the larger the particle, the faster it would sink, thereby reducing the time period the particle was subjected to breakdown within the water column. Hence, if residence time plays a role in setting the PC/ 234 Th ratio, one would expect a more rapid decrease in PC/ 234 Th ratios in smaller particles with depth (faster attenuation rates) than in larger particles, as a first approximation and assuming no subsurface production of small particles. In order to investigate this prospect further, we calculated an attenuation rate of the PC(PN)/ 234 Th ratio using a power law function in analogy to the classic Martin et al. [1987] formulation for carbon flux to depth, where the size of the b term indicates the rate of PC/ 234 Th attenuation [equation (2)]. In this formulation, the general rate of change in the element/ 234 Th ratio is a combination of the net change in 234 Th particle activities due to adsorption, desorption, and remineralization, and a decrease in the PC and PN content due to remineralization ( Figure 5 ). In this data set, PC and PN concentrations decreased rapidly with depth relative to the small and inconsistent observed increases in specific particulate 234 Th activities. Therefore, attenuation of PC and PN is the dominant influence on the b term (Table S1 ). The higher b exponents for PN compared to PC are consistent with the more labile nature of N [Gordon, 1971] . Additionally, results suggest that PC and PN (relative to 234 Th) are attenuated at a similar or faster rate in small versus large ISP particles ( Figure 5 ). Hence, these results support the hypothesis that residence time plays a role in setting the PC and PN to 234 Th ratio recorded in small and large particles with depth and helps to explain the convergence of these ratios deeper in the water column.
Higher elemental/ 234 Th ratios observed in the ST samples implies preferential collection of more rapidly sinking particles with shorter water column residence times. Rutgers van der Loeff et al. [2002] proposed that higher PC/ 234 Th ratios in ST material might be due to the collection of fresh aggregates, with particle ratios derived from a surface layer that were minimally altered en route to deeper ST. This explanation is consistent with the similarity observed between the elemental/ 234 Th ratios collected with the ISP from the surface waters and those measured in ST deployed at 100 m in this study. The existence of extra-large particles, with high sinking rates, could also be responsible for the higher PC/ 234 Th ratios obtained in the ST, since these particles are likely generated at the surface and do not appear to be composed of smaller particles given their high PC/ 234 Th (over two orders of magnitude higher than particle aggregates) [e.g., Luo, 2013] . However, we have no evidence to validate the existence of such particles in this system.
The more rapid attenuation of PC in small particles versus large particles was also confirmed by examining absolute PC changes with depth (Table S1 ), using the approach of Lam et al. [2011] [equation (3)]:
where [C o ] is the carbon concentration (μmol L À1 ) at the euphotic zone obtained from the curve fitting, Z is the depth at which we calculate the carbon concentration [C] , and Z o is the depth of the euphotic zone [Lam and Bishop, 2007] .
A faster attenuation of large particles would be expected if large particles are composed of labile compounds that are consumed and disaggregated as they sink, adding more refractory particles to the small size fraction along the water column. Conversely, a faster attenuation of small particles would be expected if the small Global Biogeochemical Cycles 10.1002/2015GB005134 particles were more labile. Using organic biomarkers of particles in different size fractions, Wakeham and Canuel [1988] found more labile material in the small size fraction, which they proposed was derived from the disaggregation of marine snow aggregates of fresh and delicate algal material that was not collected in the large size fraction or in sediment traps. They hypothesized that the marine snow contributed disproportionately to disaggregation in their system. Marine snow was qualitatively observed in our ST samples as well [see White et al., 2013, Figure 6] . Therefore, differences between small and large particles may also be due to differences in their composition (i.e., source). The fact that PC/PN ratios in larger particles were on average higher than in small particles by a factor of 1.5 ± 0.2 further supports this hypothesis. Larger PC/PN ratios in smaller particles due to preferential remineralization of PN are expected given their longer residence times in the water column. However, in this study, large particles are likely detritus composed of degraded organic matter (lower PC/ 234 Th and PN/ 234 Th ratios than the small particles) poor in nutrients. Indeed, higher δ 13 C values of large ISP particles suggest that significant degradation of large particles has occurred, presumably through zooplankton grazing and repacking [Fry and Sherr, 1984; Fischer, 1991] . Similar observations were reported by Alldredge [1998] , who found that large aggregates were older and more refractory than smaller ones, and by Alonso-González et al.
[2010], whose organic biomarkers analyses revealed that slow sinking particles had the same degradation state or were fresher than rapidly sinking particles. Mayor et al. [2014] recently argued that detritivorous metazoans fragment large particles in order to stimulate "microbial gardening" as a pathway to obtain small particles with labile compounds and nutritious microbial biomass. Therefore, higher PN content in small particles, coupled with the differences observed in δ 13 C values, suggests that other processes, e.g., particle aggregation and microbial colonization, play a role in the observed differences in the particle size composition observed here.
Terms and Phytoplankton Groups
A global compilation of particle attenuation rates by Lam et al. [2011] found that the majority of study areas analyzed (~80%; n = 55) were characterized by faster attenuation rates (larger b term) for the >53 μm particles relative to the 1-53 μm size class. Is it possible that the Gulf of California and the ETNP are uniquely different than most other studied regions of the global ocean? We compiled PC/ 234 Th data presented in previous studies, including the Equatorial Pacific, Sargasso Sea, China Sea, Gulf of Mexico, Mediterranean Sea, Baltic Sea and Nord Sea fjords, and also the Southern Ocean, and found that PC/ 234 Th ratios do not increase with increasing particle size when pico-and nanoplankton (usually Synechococcus and Prochlorococcus) dominate the planktonic community. Rather, they either have the opposite trend (PC/ 234 Th ratios decrease with increasing particle size) [Buesseler et al., 1995; Guo et al., 2002; Santschi et al., 2003; Hung et al., 2004 Cai et al., 2006; Hung and Gong, 2007; Jacquet et al., 2011; Planchon et al., 2013] or there is no clear pattern between particle size and PC/ 234 Th ratio [Speicher et al., 2006; Brew et al., 2009; Lepore et al., 2009; Stewart et al., 2010] . Furthermore, when particles were collected according to their settling velocities in regions dominated by small cells, higher PC/ 234 Th ratios were found in slow sinking compared to fast sinking particles [Gustafsson et al., 2006] , or there was no clear trend [Szlosek et al., 2009] . Using published data from the studies mentioned above, we calculated b terms (when possible) for small and large particles and compared them with the global compilation of data presented in Lam et al. [2011] (Figure 7) . We then took the ratio of the b term for large and small particles (LP/SP b ratio) such that a ratio of 1 indicates similar attenuation rates, a ratio higher than 1 suggests faster attenuation of large particles, and a ratio less than 1 suggests faster attenuation of small particles. Although the data are variable, LP/SP b ratios are ≤1 in 60% of the stations dominated by picoplankton, compared to 50% and 30% for nanoplankton-and microplankton-dominated stations. This finding suggests that globally, small particles are attenuated at a similar or faster rate than large particles in regions with pico-and nanoplankton dominance. There were several stations where data are available that appear to be in the midst of transitioning from food webs dominated by small phytoplankton to those dominated by larger taxa, particularly diatoms. When all data are combined, comparisons between the same stations sampled during different seasons show that, regardless of the dominant group, when the importance of diatoms increases, values for the LP/SP b ratio become higher, mainly due to the increase in the b term of the large particles. These results indicate the importance of phytoplankton community in the attenuation rates of sinking particles and continue to support arguments against using "global" or "ocean basin" b terms in modeling efforts to estimate C export to the deep sea.
Small Particles and Export Fluxes
The discussion above demonstrates how the element/ 234 Th ratio may change with both depth and region depending on the sampling method, particle size, and food web structure. Historically, larger particles have been assumed to dominate particle export [Michaels and Silver, 1988] , such that the larger size fractions of ISP Global Biogeochemical Cycles 10.1002/2015GB005134 (>53 μm) and ST particles are used to convert 234 Th fluxes into elemental export [Buesseler et al., 2006] . More recent studies have challenged this view. Richardson and Jackson [2007] used inverse modeling approaches to argue that pico-and nanoplankton can contribute to carbon export at rates proportional to their production, particularly in oligotrophic regions. Although this approach has been questioned by Landry et al. [2011] , field studies by Brew et al. [2009] , Alonso-González et al. [2010] in the oligotrophic subtropics using organic biomarkers and degradation pigments estimate that smaller particles contribute as much as 50% of the measured POC export fluxes. Dunne et al. [1997] argued that in the Equatorial Pacific, the >53 μm ISP particles did not represent the sinking material that reached the ST. Grob et al. [2007] and also suggested that the contribution of particles <50 μm to the settling flux could be larger than previously thought, and more recently, Hung et al. [2012] reported scanning electron microscopy images showing that the bulk of sinking particles contained mostly particles of such size. DNA analysis from trap material has further shown that small-sized eukaryotic taxa and cyanobacteria can contribute to the sinking particle flux below the euphotic zone [Amacher et al., 2013] . Using gel traps, Durkin et al. [2015] have also provided evidence of the importance of small particle sizes to carbon export flux in the upper mesopelagic (3) to PC except for those stations marked with *, which have been obtained using the fit to PC/ 234 Th following equation (2). The b terms used at those stations marked with § were also obtained using fits to PC/ 234 Th following equation (2), but the small particle fraction only considered particles between 10-20 μm. The horizontal grey line indicates the 1:1 relationship between the b terms of large and small particles, indicating that both particle sizes are attenuated at the same rate. Different symbols indicate the dominant particle size at the study site reported by the authors or derived from other studies conducted in the same region during the same season. Due to lack of detail regarding particle size abundances and distribution, when referring to "small particles" and "large particles", the data have been grouped as "pico" and "micro", respectively. The stations dominated by "nano" were clearly defined as such in the original studies. For the majority of studies, however, pico-and nano-dominated stations were usually not differentiated. Therefore, stations considered as pico-dominated might include areas where nanoplankton was also important. The "transition" stations are those that appeared to be transitioning from food webs dominated by small phytoplankton to those dominated by larger taxa, regardless of the dominant group at the sampling time. Map inset shows the locations of data from Cai et al. [2006] , Hung and Gong [2007] , Lepore et al. [2009] , Stewart et al. [2010] , Jacquet et al. [2011] , Planchon et al. [2013] , and the studies included in Lam et al. [2011] , Bishop et al. [1977 Bishop et al. [ ,1978 Bishop et al. [ , 1980 Bishop et al. [ , 1986 , Bishop and Fleisher [1987] , Bishop [1992 Bishop [ , 1999 , Bishop et al. [1999] , Lam and Bishop [2007] , and Bishop and Wood [2008] .
Global Biogeochemical Cycles 10.1002/2015GB005134 waters. Signs of small particles sinking were also reported by Xu et al. [2011] who found the best agreement of POC/ 234 Th ratios with those in ST for intermediate-sized (10-50 μm) rather than larger (>50 μm) particles, suggesting that these smaller particles dominated the export flux. In that same study, the dominance of nanoplankton and pico-prymnesiophytes was proposed as the source of disagreement between POC/ 234 Th in large (>50 μm) ISP particles and ST particles.
Our results are consistent with the new paradigm that small particles play a significant role in particle settling fluxes, especially in oligotrophic regions. Based on HPLC analyses, the phytoplankton community was dominated by picophytoplankton, especially in the GC interior and Transition zone (GC4-1, in the upper 30 m, GC4-2, GC4-8, and GC4-9) [White et al., 2013] , with picophytoplankton abundances decreasing and nanophytoplankton abundances increasing when exiting the gulf toward the northern stations. Higher abundances of microphytoplankton were found at all the stations between 30 and 50 m, especially at GC4-1 and GC4-12, where diatoms dominated [White et al., 2013] . Particle size distribution (PSD) analysis (living and detrital particles) confirms these trends (Figure 4) : PSD profiles showed a clear shift from small particles toward larger particles while moving out of GC and north along the ETNP transect.
A better agreement was found between measured fluxes derived using ST and ISP small particle ratios ( Figure 6 ), due to their more similar elemental/ 234 Th ratios. To further explore the composition of the particulate samples, C and N isotopic composition (Table S1 ) was examined. These data provide insight into particle sources and remineralization. For example, the δ 13 C values of particles can indicate terrestrial (>À24‰) versus marine sources (À22‰ to À10‰) [Peterson and Fry, 1987] , when combined with particulate C/N ratios (marine~6-7; terrestrial >20) [Hedges et al., 1986] . We found a significant difference between the δ 13 C values of large ISP particles and ST particles (p < 0.0001; n = 58), while there was no difference between δ 13 C values in small ISP particles versus ST particles (p > 0.5; n = 58). Lower PN concentrations and higher δ 13 C values of larger ISP particles are consistent with enhanced degradation as well as zooplankton grazing and repackaging [Fry and Sherr, 1984] (e.g., fecal pellets). The reduced degradation signal observed in the smaller size class suggests that such particles settle through the water column and into the ST in the form of large aggregates .
Aggregation is enhanced by TEP, which form the mucus matrix of most marine snow [Passow, 2002; Engel et al., 2004; Verdugo et al., 2004] . Guo et al. [2002] argued that small particles (<10 μm) may coagulate into the larger particle size class (10-53 μm) on timescales of <1 day. This rapid aggregation, and subsequent faster sinking, would also explain how small relatively undegraded particles reached the ST, leading to an increase in export flux efficiency in this region during the summer months. While marine snow aggregation dynamics remain enigmatic [Boyd and Trull, 2007] , qualitative observations of the ST material suggest that in our study area, small particle sinking is driven by aggregation into marine snow and through zooplankton-mediated packaging of small particles in fecal pellets, which are rarely captured by large particle ISP measurements using certain types of filter holders that are not designed specifically to retain these particles [Trent et al., 1978; Gardner et al., 2003; Bishop et al., 2012] .
Data obtained at station GC4-2, which was sampled twice, 6 days apart, for particles also support our assertion that small particles are settling into the ST. During its second occupation, there was an increase in the PC/ 234 Th ratio in ST particles (5.5 to 8.6) and the maximum for PC/ 234 Th ratios of small ISP particles moved deeper in the water column, while the distribution of PC/ 234 Th ratio for large ISP particles remained unchanged. The PC/ 234 Th ratio from the ST material collected during the reoccupation (8.6) matched the ratio of the small particles collected with the ISP at 20 m during the first occupation (8.9). The settling speed for small particles derived using this observation is~13 m d À1 (e.g., 80 m in 6 days), in agreement with the lower range of sinking velocities estimated earlier (see section 4.2.2). This "delay" was not observed in the PC/ 234 Th ratios of large particles: They were 6.4 and 8.6 at 20 m for GC4-2 and GC4-2b, respectively, agreeing with the ST ratios measured at each time point and suggesting a much faster settling speed (in the upper range of the speeds estimated in section 4.2.2) for this particle size.
Particle Fluxes and Export Efficiency
Within the GC, previous studies have shown that seasonal changes in phytoplankton community structure influence bSi and carbonate fluxes to depth, whereas PC and PN remain constant throughout the year [Thunell, 1998; Lyons et al., 2011] . Typically, high bSi fluxes occur from late fall to early spring in response Global Biogeochemical Cycles 10.1002/2015GB005134 to upwelling-driven diatom blooms. Increasing stratification during the summer decreases primary production, and carbonate becomes the main source of the biomineral sediment flux [Thunell, 1998; Lyons et al., 2011] . Our results showed minimal PIC concentrations in the particulate samples collected (either by ISP or ST), likely due to the timing of our sampling. In agreement with Thunell [1998] , we did not observe significant fluxes of bSi ( Figure 6 and Table 2 ), except at stations GC4-1 and GC4-12, the ones with highest NPP (Table 1) and where pigment analysis and microscopy observations provided evidence of a diatom-dominant phytoplankton community structure below 30 m and within the upper 60 m, respectively. In general, higher PC and PN fluxes occurred where picophytoplankton and diazotrophs were more abundant (GC4-2, GC4-8, and GC4-11) or where a diatom-dominated phytoplankton community was observed (GC4-1 and GC4-12).
To estimate the efficiency of export, we calculated ThE ratios by dividing the 234 Th-derived PC export fluxes at 100 m by NPP rates, as defined by Buesseler [1998] . In those regions with efficient recycling (i.e., low PC flux below the depth of interest), ThE ratios should be relatively low (<10%). On the other hand, ThE ratios in excess of 10-50% are typically found not only during high production events but when production and export are decoupled, such as in high latitudes [Buesseler, 1998; Buesseler et al., 2001; Schmidt et al., 2002; Thomalla et al., 2006; Baumann et al., 2013] . We further determined export efficiencies following that of Buesseler and Boyd [2009] , where export efficiencies are calculated by normalizing PC fluxes to the depth of the Ez and at a reference depth of 100 m below Ez (~200 m in this area) to allow for a comparison across regions with significantly different light penetration depths, where the major production of particles (that scavenge 234 Th) takes place. Thus, the normalized export efficiencies obtained are a combination of two terms: (i) the export flux down to the base of the Ez relative to NPP and (ii) the flux attenuation down to an "attenuation depth", 100 m below the Ez. The terms T 100 and Ez ratio presented in Table 2 refer to the PC flux at the attenuation depth divided by the PC flux at the Ez and the PC flux at the Ez divided by NPP, respectively. Therefore, T 100 and Ez ratio provide information regarding the importance of both processes responsible for the calculated export efficiencies; e.g., high export efficiencies could be due to efficient export down to the bottom of the Ez (= high Ez-ratio values) or due to weak attenuation [= low T 100 values or low "b" terms from equations (2) and (3)] (Table 2) .
All the estimates of ThE ratios, based on ST and WC fluxes, are presented in Table 2 and Figure 8 , where similar trends between the different approaches can be observed. PC-normalized export efficiencies are also presented in Table 2 , to be consistent with the literature. The results indicate that at stations GC4-1 and GC4-12, where diatoms were the dominant phytoplankton and C fixation rates were highest, PC export efficiencies at 100 m were among the lowest measured, regardless of the approach used for derivation (less than 10% using ISP ratios and 18-27% when using ST ratios and fluxes; Table 2 ), similar to the results reported by Maiti et al. [2013] and Lam and Bishop [2007] in the Southern Ocean. In contrast, the highest ThE ratios occurred at stations with higher abundances of picophytoplankton, GC4-2 and GC4-8, and where qPCR assays also revealed the highest specific planktonic nitrogenase gene (nifH) copies and gene expression recorded for large diazotrophs (Trichodesmium and Richelia symbioses) [White et al., 2013] . Export efficiencies along the ETNP transect, where nanoplankton increased in relative abundance, were moderate to low (<40%, using ST material, and <5% using ISP ratios, excluding GC4-11). Station GC4-11 had higher ThE ratios (~50-60% using ST material and 9-15% using ISP ratios) than GC4-10 and GC4-12, and was also the station with the highest abundance of nifH transcription by unicellular diazotrophic cyanobacteria of the group A (UCYN-A) and where highest N 2 fixation rates were also observed [White et al., 2013] . White et al. [2013] reported absolute C fixation rates measured in the euphotic zone and the PC export efficiency recorded by ST in the study area during summer and winter months of 2005. Despite the differences in C fixation, export efficiencies in summer were equivalent or higher than winter records (average export efficiency of 34% and 18%, for summer and winter, respectively). The results presented here also show evidence of a high PC export efficiency during the summer of 2008. Therefore, our results support the hypothesis of more efficient particle export during the summer as a major reason for the lack of seasonality observed in carbon and nutrient fluxes in deep moored ST in the GC [Thunell, 1998; Lyons et al., 2011] . The fact that most stations, with the exception of GC4-1 and GC4-12, were dominated by small phytoplankton further supports the supposition that pico-and nanophytoplankton and associated aggregation processes play an important role in driving PC fluxes in oligotrophic regions globally.
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Conclusions
We used 234 Th as a tracer to estimate particle fluxes in a region where previous studies have suggested that particle export is more efficient during lower productivity summer months as a result of a change in food web dynamics, e.g., from larger to smaller plankton. PC and PN data were obtained from free-drifting surface-tethered sediment traps and large-volume in situ pumps in order to compare methodologies and to provide more detailed profiles of elemental/ 234 Th ratios over the upper 500 m in two different particle size classes (1-53 μm and >53 μm). Large variability in values of PC and PN to 234 Th ratios was observed in the surface layer, with ratios for both size classes decreasing with depth. Although small particles had higher elemental to 234 Th ratios at the surface, attenuation rates were significantly higher for the smaller size class, allowing both size class ratios to converge to 1-5 μmol dpm À1 by 100 m. Elemental/ 234 Th ratios measured in sediment trap materials collected at 100 m tended to be higher than those measured at the same depth using in situ pumps but agreed with in situ pumps ratios obtained from surface waters. This implies that sediment traps may have been more efficient in collecting rapidly sinking aggregated particles from surface waters that were less affected by decomposition processes. Elemental/ 234 Th ratios in small particles collected at 100 m were in better agreement with sediment trap ratios than those of large particles, suggesting a significant contribution of small particles to the export flux, even though small particle attenuation rates exceeded those of the larger size class. Particle size distribution measurements confirmed high abundances of small particles in the study area, especially within the GC. Supporting elemental data include the strong agreement between higher PN concentrations and lower δ 13 C values in small particles with sediment trap material. Global Biogeochemical Cycles 10.1002/2015GB005134 PC and PN fluxes were variable, but higher export fluxes did not always correspond to higher export efficiencies, reflecting the variability of the phytoplankton community structure observed across the region. Stations dominated by diatoms and with the highest C fixation measurements were among the lowest in export efficiency. In contrast, stations dominated by picophytoplankton had the highest export efficiencies. The presence of diazotrophs also favored enhanced export efficiency, although since observed N 2 fixation rates were highly variable, diazotrophic activity alone cannot explain the observed patterns of C export efficiency [White et al., 2013] .
Combined, we argue that small phytoplankton are important contributors to particle export during the summer (oligotrophic period) in the GC and ETNP region. Comparison of our results with previous work suggests that faster attenuation rates in small particles with depth are a ubiquitous feature of the world's oligotrophic oceans when smaller phytoplankton taxa dominate the food web. In this study, despite the observed higher attenuation rates of small particles, stations dominated by small phytoplankton are characterized by more efficient export. As a result, export efficiencies are higher where smaller particles dominate the flux and may help to explain the apparent lack in correlation between PC export rates with NPP in oligotrophic regions [Burd et al., 2010] .
Our results argue for the multiple particle size class sampling when using the 238 U: 234 Th disequilibrium technique to determine export rates and the continued use of multiple methods to quantify PC export to depth. Such knowledge is critical for better predicting biological responses to large-scale changes in climate that are already influencing the marine system. It will require a regional and ecosystem specific approach, with special attention paid to small plankton, which historically have been neglected as an efficient pathway for carbon export. Further work to understand the characteristics of material collected with sediment traps and in situ pumps over seasonal timescales will provide much needed information regarding the mechanisms, origin, and abundances of the particles that reach deeper layers, enhancing our understanding of particle dynamics in this region and other oligotrophic systems.
